This paper describes a structural characterization with EXAFS of the structure of copper(I) arenethiolate complexes in both solid and liquid state. Previously observed difficulties in the detection of the Cu-Cu interaction were attributed to anti phase behavior of different Cu-Cu-neighbor contributions. A data analysis procedure solely based on EXAFS parameters is presented which resolves these problems.
Introduction
An important reaction in organic synthesis is the (selective) carbon-carbon bond formation for which organocuprates [R 2 CuLi] 1-3 , [R 2 Cu(CN)Li] 4,5 , [R 2 Cu(CN)Li 2 ] 6 are most widely applied. [7] [8] [9] [10] [11] [12] In our ongoing studies in the field of organo-copper and cuprate chemistry, we have synthesized well defined heterocuprates derived from the aminoarenecopper species (CuSC 6 H 4 CH(Me)NMe 2 -2) 3 13-15 (1) which contain an S,Nbidentate coordinated arenethiolate. This complex and related chiral copper arenethiolates promote selective group transfer of Grignard reagents (RMgX) to various organic substrates [16] [17] [18] [19] [20] [21] [22] [23] [24] , e.g. chemo-and enantio-selective 1,4-addition to acyclic enones. 17 Specifically, the latter is the first reported case in which a copper complex, i.e. enantiopure 1 (R, R, R or S, S, S), has been used in catalytic amounts to achieve enantioselective C-C bond formation. 17, 18, 20, 22, 23 The nature of the active cuprate species in these and related reactions is still largely unknown. Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy provides local structural information about a specific element in a compound. In contrast to X-Ray Diffraction (XRD), EXAFS spectroscopy does not require long-range ordering of the material. Therefore, EXAFS can be applied in structural studies of molecules in any state of aggregation. EXAFS has been used for the elucidation of the co-ordination sphere of metal centers in enzymes 25, 26 and for the determination of the structure of compounds in solid state and liquid state. 27 EXAFS is unique in unraveling the structure of species under nonambient conditions, as it can be applied in situ, under high pressure, temperature, and in the presence of gasses. In organometallic chemistry the technique is complementary to InfraRed spectroscopy (IR), Nuclear Magnetic Resonance spectroscopy (NMR) and XRD. Studies of 63,65 Cu NMR on organo-copper complexes, that could provide direct detailed information about the coordination sphere of the copper site(s) in organocuprates, is hampered by the large nuclear quadrupole moment of the copper nucleus.
EXAFS spectroscopy of organo-copper and -cuprate mixtures is not straightforward. [25, 26, [28] [29] [30] [31] [32] In the recent literature, several examples exist where Cu-Cu coordinations were not detected or very difficult to detect by EXAFS, although in some cases XRD and/or other chemical information strongly suggested that Cu neighbors around the photon-absorbing Cu ion were present. 28, [30] [31] [32] [33] [34] [35] Sometimes Cu-Cu contributions were not detected at all or unexpected Cu-Cu contributions were found (wrong distances), in combination with incorrect Cu-C or Cu-N contributions. These problems are often encountered for Cu complexes in which Cu···C distances are in the same range as the Cu···Cu distances. 33 Examples are: (i) organocopper reagents (CuCN + BuLi and CuCN·2LiCl) 28, [30] [31] [32] , (ii) phenoxo-bridged dicopper(I) compounds 34 In a quest to improve and understand the mechanistic aspects of the copper-based catalytic systems for enantioselective synthesis, we have applied EXAFS spectroscopy to identify the catalytic site(s) of the key intermediates in our system. In this study a systematic method for the analysis of Cu K-edge EXAFS spectra is presented that allows the proper detection of Cu-Cu contributions. The analysis method will be established by means of Cu K-edge EXAFS spectroscopy on the copper(I) arenethiolate species (CuSC 6 H 4 CH(Me)NMe 2 -2) 3 (further abbreviated as [Cu 3 (SAr*) 3 ]; 1) ( Figure 1 ). The structure of this Cu arenethiolate complex is well known by single crystal XRD. [13] [14] [15] The detectability of the Cu-Cu coordination is investigated using the structural information obtained from single crystal XRD as a starting basis for the EXAFS analysis. The analysis strategy will be demonstrated on the solid state [Cu 3 (SAr*) 3 ] EXAFS spectra measured at room temperature. Subsequently, the analysis procedure will be applied to the EXAFS data of [Cu 3 (SAr*) 3 ] dissolved in toluene measured at room temperature. The structure of a related mixed organo(arenethiolate)copper(I) aggregate [Cu 4 (SAr) 2 (Mes) 2 ] (2) (Figure 1) , that contains distinctly different Cu sites [21] has been determined with EXAFS using the newly developed analysis procedure to confirm and demonstrate the validity of the developed analysis procedure.
The results of the EXAFS analysis provide essential information about the structure and dynamics of the complexes and of the vibrating Cu 3 S 3 ring of the trimeric CuSAraggregate. This information will be important for an understanding of the formation of the kinetic intermediates between the organo-copper catalyst precursor of the Grignard reagent and the substrate from which ultimately the C-C coupled product is generated. 
EXAFS Data-Analysis Methods

Reference Compounds
Theoretical references were used for the analysis of the Cu-S, Cu-N, Cu-Cu and Cu-C coordinations. The theoretical references were generated using the code FEFF8. 36 EXAFS data from reference compounds were used to calibrate the theoretical references: Cu foil (7 µm) for Cu-Cu, ZnS for Cu-S 37 and copper phthalocyanine for both Cu-N 37 and Cu-C since N and C are neighboring atoms in the periodic table. The XDAP program 38 was used for the reference data fitting. The theoretical references were optimized as described in ref. 39 . Table 1a gives the FEFF8 input parameters. For all atom pairs a partially non-local potential was used. 36 V i is estimated to be 3 eV. S 0 2 , the Debye-Waller factor and V r were varied until the generated references optimally fit in R-space the first coordination shell of the experimental EXAFS spectra of the above mentioned reference compounds (see Table 1b ). The reference spectra were measured at room temperature, so the references are optimized for the room temperature situation. These calibrated references can then be used to fit the EXAFS data of the samples down to very low values of k (k ≥ 2.5 Å -1 ). 39 
R-space fit
The EXAFS data were analyzed using the commercially available program XDAP. 38 This program allows multiple-shell fitting in R-space by minimizing the residuals between both the magnitude and imaginary part of the Fourier transforms of the data and the fit. Rspace fitting has important advantages compared to the usually applied fitting in k-space, as is extensively discussed in ref. 39 . R-space fitting makes Fourier filtering unnecessary, which is of great advantage if overlapping shells are present. Moreover, by choosing the proper window in R-space the background subtraction errors and the presence of further higher shells can be avoided. Another important advantage is that the amount of information (number of independent data points, vide infra) is not decreased by a shortening of the range of reliable data in k-space due to Fourier filtering errors.
Variance and Number of Independent Data Points
The errors in the structural parameters were calculated from the covariance matrix taking into account the statistical noise of the EXAFS data and the correlations between the different coordination parameters. The standard deviation per data point was estimated by averaging 3 data scans. The number of independent data points (N indp ) was determined as outlined in the "Reports on Standard and Criteria in XAFS Spectroscopy" 40 :
A large number of independent data points is especially important if several contributions are present and overlapping, to reliably fit the data and account for possible anti phase behavior of different contributions as shown in this study.
The variances of the magnitude and imaginary part of the Fourier transforms of fit and data were calculated according:
Difference File Technique
The difference file technique was applied together with phase-corrected Fourier transforms to resolve the different contributions in the EXAFS data. 39, 41 The difference file technique allows the observation of each individual contribution with respect to the other contributions present in the EXAFS spectrum. The experimental χ EXP (k) in the range R min to R max can be described by summation of different model EXAFS contributions χ MOD,j (k), describing each coordination shell:
For each individual fitted contribution m the following equation should then logically be valid: 
The right side of this equation is further denoted as the difference file of shell m. A sensitive and practical method to check whether a contribution is statistically significant consists of a comparison of the amplitude of χ m with the noise level present in the difference file (the noise in the difference file is essentially the same as the noise in the experimental data). The total variances between total fit and data determine the correctness of the total analysis of the obtained EXAFS data. Moreover, the use of the difference file technique enables one to observe and examine the individual contributions and their position, intensity and influence on each other during the analysis procedure.
Weight Factor k n
The phase shift and backscattering amplitude of each neighboring atom are in principle element specific and have a characteristic dependency of the wave factor k. Normally, a combination of a k 0 -and k 3 -weighting during the EXAFS data-analysis is used in order to separate each individual contribution. 39 Moreover, in this study the use of both k 0 -and k 3 -weighting was crucial in order to unravel interference effects of higher coordination shells. Principally, different k-weightings should yield identical results and a good fit in one weighting should be good in all other weightings applied. 39 As discussed to be of vital importance in this study, a fit in k n -weighting is only considered correct if other k nweightings show minima in variances too. In a system with many contributions such as in this case, a single k n -weighting may well show several minima in variances obscuring the true minimum.
Results
Single Crystal X-ray Diffraction on [Cu 3 (SAr*) 3 ]
The crystal structure of the copper(I) arenethiolate [Cu 3 (SAr*) 3 ] (1) is known from obtained Single Crystal X-ray Diffraction data. [13] [14] [15] The molecular structure of 1 shows a triangular trimeric aggregate which comprises three identical (crystallographic related) CuSAr units that are held together by bridging of the thiolate sulfur atom between adjacent copper atoms. This structure is shown in Figure 2 in which only one of the three chelating arms is displayed completely. The position of the other two arms is indicated by showing only the nitrogen atom. The crystallographic Cu-neighbor distances are given in Table 2 . [13] [14] [15] Three carbon neighboring atoms (further denoted as C a ) are located at a distance of 2.96 Å; three other carbon atoms (further denoted as C b ), also relevant for the EXAFS analysis, can be distinguished at a distance of 3.31 Å (see also Figure 2 ). The values for the coordination distances for the Cu-S, Cu-Cu, Cu-C a and Cu-C b pairs are average values and the maximum deviation in the distance is given in between brackets in Table 2 . [a] Abbreviations: Ab = absorber; Sc = scatterer. [b] In between brackets the maximum deviation in distances is given.
EXAFS Data of [Cu 3 (SAr*) 3 ] in the Solid State and Solution (at Room Temperature)
Figure 3 displays the Cu K-edge EXAFS data of [Cu 3 (SAr*) 3 ] obtained in the solid state (solid line) and solution (dotted line). The signal to noise ratio is very good, the data can be analyzed up to k = 12.5 Å -1 . The corresponding k 0 -and k 3 -weighted Fourier transforms (for 2.9 < k < 12.5 Å -1 ) are given in respectively Figure 4a and 4b. It can be observed that the intensity in the Fourier Transforms for the sample in solution is in both k-weightings slightly higher. Moreover, for R > ~2 Å some small but significant changes in the imaginary parts can be observed. A very important observation and crucial for the EXAFS data-analysis to be applied in this study is the fact that for the k 3 -weighted Fourier transforms almost no intensity is observed for R > 2.2 Å, whereas in the k 0 -weighted Fourier transforms there is. First the [Cu 3 (SAr*) 3 ] sample in solid state is analyzed since the crystal structure of this sample is known from single crystal XRD. For the initial analysis in R-space of the [Cu 3 (SAr*) 3 ] EXAFS data a k 0 -weighted factor was used. In the next step the correctness of the fit was checked by using a higher k-weighting (k 1 , k 2 , k 3 ). Additionally, the influence of an increasing number of coordination shells is observed carefully. The crystallographically known values for the coordination numbers (N) and distances (R) ( Table 2) were used as starting input parameters. The data were analyzed by using an R-space fit with k-range of 2.9 < k < 12.5 Å -1 and R-range of 1.0 < R < 4.0 Å. Both the absolute and the imaginary part of the Fourier transform were optimized. Each shell was fitted by iteratively allowing the parameters (R, N, ∆σ 2 and ∆E 0 ) of that shell to be free. An increasing number of coordination shells were used to fit the data. A two-shell fit (Cu-N, Cu-S), a three-shell fit (Cu-N, Cu-S, Cu-Cu), a four-shell fit (Cu-N, Cu-S, Cu-Cu, Cu-C a ) and a five-shell fit (Cu-N, Cu-S, Cu-Cu, Cu-C a , Cu-C b ) were used to observe the influence of an increasing number of coordination shells (Table 3) . [a]
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[b] The final five-shell total fit for [Cu 3 (SAr*) 3 ] at RT (k 0 -weighted) is given in Figure 5a . To show that the obtained fit is correct also the fit in an other k-weighting, i.e. k 3 , is shown in Figure 5b , with the fit variances given in Table 3 . As the difference file technique was used for the analysis of the EXAFS spectra, the individual contributions can be analyzed separately and should also fit correctly to be able to conclude a good analysis. In Figure 6 the Fourier transforms of the individual difference files are given, including the fits for the individual shells. The Cu-N contribution, displayed in Figure 6a is fitted very well in the analysis range applied (1.0 < R < 4.0 Å). The Cu-S single-shell is the largest contribution in the analysis and fits perfectly as can been seen in Figure 6b . In Figure 6c the Cu-Cu contribution is shown. The Cu-C a contribution given in Figure 6d fits very well and the Cu-C b contribution, which is displayed in Figure 6e , shows a little noise on the measured data. It can be observed that both Cu-C contributions are larger than the Cu-Cu contribution. Only little noise can be seen in the Fourier Transforms of the difference files of the smallest contributions (Cu-Cu, Cu-C a , Cu-C b ). From these Figures it is clear that these individual contributions are well above the noise, and thus are significant, and that they are fitted very well. The final EXAFS co-ordination parameters are summarized in Table 3 . The [Cu 3 (SAr*) 3 ] was also measured in solution, i.e. in toluene. In Figure 7a the Fourier transforms (2.9 < k < 12.5 Å -1 ) of both the k 0 -and k 3 -weighted spectrum are given. In the k 3 -weighted spectrum a very low intensity of the signal is observed between 2 and 2.5 Å, whereas in the k 0 -weighted spectrum a clear signal remains present (note the differences in axis). A five-shell analysis has been performed using a k 0 -weighting. The crystallographic results are used as starting input parameters and the shells are iterative refined leaving step by step (shell by shell) all parameters free. The k 0 -weighted R-space fit is shown in Figure 7b and the results are given in Table 4 . The correctness of the fit is also shown in Figure 7c for the k 3 -weighted fit using the obtained parameters, with the calculation variances given in Table 4 . [a]
[ 
Analysis of Cu 4 (SAr) 2 (Mes) 2
The structure of the tetranuclear aggregate Cu 4 (SAr) 2 (Mes) 2 (2) has two non-equivalent Cu atoms and comprises the binding of two different anions, i.e. the arenethiolate anion and the mesityl anion. [21] The Cu-neighbor coordination numbers (N xrd ) and distances (R xrd ) of this aggregate as obtained with single crystal XRD are given in Table 5 . 21 Both the k 0 -and the k 3 -weighted Fourier transforms of the measured EXAFS data (2.89 < k < 12.5 Å -1 ) are given in Figure 8a . It can be seen that using different weightings for the Fourier transforms leads to a loss in intensity in several (different) R-ranges. So in different R-ranges, a different k-weighting will result in a most reliable fit. The fitting procedure is done using a k 0 -weighting for 1.0 < R < 1.7 Å and 2.2 < R < 3.0 Å, and a k 3 -weighting for 1.0 < R < 2.5 Å.
During the fitting procedure the coordination numbers were fixed, all other parameters were iteratively refined. The final fit is shown in Figure 8b and Figure 8c for the R-space fit with k 0 and k 3 weightings, respectively. The obtained parameters are given in Table 5 . In both k-weightings an excellent total fit is obtained, showing the correctness of the analysis procedure. 
Discussion
Determination of the Weight Factor(s) used for the EXAFS Data-Analysis Detection of Anti-Phase Behavior
Fitting a spectrum of a compound with a well-known structure provides information about the reliability of the EXAFS data-analysis procedure. The influence of different kweightings and inclusion of an increasing number of shells on the fit variances can then be studied. The difference file technique can separate the single shells and compare the different shells to each other. The goodness of the fit can be observed and the statistical significance of the individual contributions can be evaluated. Fitting in R-space is essential to prevent truncation errors. Using a Fourier transform of the EXAFS data and applying different weightings can immediately reveal the presence of anti-phase behavior of the EXAFS oscillations of the different coordination shells. Moreover, in literature, regularly the peaks observed in the total Fourier Transform of the EXAFS data are simply assigned to the separate contributions in a spectrum. However, overlap of different shells (and especially in case of anti-phase behavior) can significantly change the shape and intensity of the total Fourier Transform peak(s) or shift the position of the total peak, 39 as also demonstrated in this study. In this way the amount and position of contributions can be underestimated and interpreted wrongly.
For the [Cu 3 (SAr*) 3 ] sample in the solid and liquid state measured at RT a R-space fit of a k 0 -weighted EXAFS including 5 coordination shells leads to a good agreement with the results of single crystal XRD (Tables 3, 4 ). Both a k 0 -and a k 3 -weighting have to be used for the analysis of Cu 4 (SAr) 4 (Mes) 2 (Table 5) . When the data analysis procedure has been performed using the best k-weighting as a starting point, an important check has to be performed. Only if the fitting parameters obtained also result in a good agreement in (all) other k-weightings, a correct EXAFS data analysis is concluded. This study makes clear that criteria solely based on analysis of EXAFS data can be established, which can be applied to straightforwardly determine the structure of unknown compounds.
EXAFS Data-Analysis of [Cu 3 (SAr*) 3 ] (1) in Solid state and Solution Statistical Significance and Analysis of Anti-Phase Behavior
As shown in Figure 4 , a k 3 -weighted Fourier transform of the EXAFS data leads to a very small amplitude of the higher shells peaks. Freeing all parameters iteratively resulted in a good fit with coordination parameters, which are in good agreement with the results of single crystal XRD when using k 0 -weighting for the analysis of the RT data. These results can be understood by a more detailed examination of the single-shell EXAFS contributions of the optimized fit. Figure 9a displays the calculated Cu-Cu, Cu-C a and Cu-C b EXAFS functions determined for the analysis of the solid state EXAFS data. All EXAFS oscillations are well above the noise band of ± 0.00025. A maximum noise level of 0.0005 is determined in the raw EXAFS data at k = 14 Å -1 . Not only from the Fourier transforms of the difference files as plotted in Figure 6 but also from Figure 9 it can therefore be concluded that these higher shell contributions are statistically significant. Moreover, it can be seen also that the Cu-Cu and the Cu-C b EXAFS functions are opposite in phase with the Cu-C a EXAFS function in the range of 4.0 < k < 9.0 Å -1 . This results in a strong damping of the total higher shell EXAFS contributions (Cu-Cu + Cu-C a + Cu-C b ) at these high k-values, which is shown in Figure 9b . A high k-weighting will therefore make the fits insensitive to these higher shells. The interference effects have a strong influence on the analysis of the Cu-Cu contributions. As can be observed in Table 3 only after inclusion of the fifth shell (Cu-C b ), the EXAFS analysis leads to a proper Cu···Cu distance and structural parameters, which correspond to the single crystal XRD results. In case of a four shell fit, the Cu-Cu difference file is compensating the lack of an additionally Cu-C shell, explaining why a wrong Cu···Cu distance is found in this case. Moreover, when the Fourier transforms of the Cu-Cu and Cu-C a single shell contributions, displayed here for the [Cu 3 (SAr*) 3 ] (solid) in Figure 10 , are examined more carefully, the Cu-C a contribution peaks at an even lower distance than the Cu-Cu coordination although its distance is larger. This is due to the fact that the position of the peak in the Fourier transform is determined by the argument (Φ ) of the EXAFS function and not solely by R:
with ϕ the phase function of the absorber-backscatterer pair. Although the Cu-Cu coordination distance is smaller than for Cu-C a , the phase function (ϕ) of the Cu-C a is more negative than that of the Cu-Cu EXAFS, leading to a Cu-C a peak in the non-phase corrected Fourier transform at lower values of R. This has important consequences in examining the Fourier transforms of the difference files for the analysis of the EXAFS data of these classes of Cu complexes. In case of a two-shell fit, all parameters obtained for the Cu-N contribution are wrong. The coordination number is twice as high as expected, the distance is 0.1 Å too large and the Debye-Waller factor is unrealistically high. Normally, the first shell in an EXAFS data analysis procedure can be determined with the highest accuracy. However, in this case, the inclusion of higher contributions is required to obtain the correct parameters. Additionally, the Cu-S shell can be determined accurately and correctly in all fitting procedures and is not dependent on additional contributions. The explanation for these phenomena consists of two parts: the Cu-S shell is the biggest contribution to the total EXAFS spectrum, it has the highest amplitude as can be seen in the Fourier Transforms of the difference files given in Figures 6a-e . Therefore, the Cu-S contribution can be determined with the highest accuracy. Since the Cu-S shell is overlapping especially with the Cu-N contribution due to their comparable distances, the analysis of this Cu-N is more complicated. Moreover, the Cu-Cu and Cu-C contributions also have a significant amplitude at lower k-and lower R-range, causing overlap with the Cu-N contribution. A reliable Cu-N analysis can thus only be done after inclusion of these higher shells.
To be able to conclude a correct EXAFS analysis the obtained parameters have to fit also correctly using other k-weightings. The parameters obtained in the k 0 -weighted fit of the [Cu 3 (SAr*) 3 ] (RT) have been imported in a k 3 -weighted analysis (as fixed parameters), resulting also in a good fit as can be seen in Figure 5b and concluded from the low fit variances as given in Table 3 . Moreover, the single shell contributions are also fitted significantly using an other k-weighting. Therefore, solely based on EXAFS parameters it can be concluded that the data are analyzed correctly.
The same observation can be made for the complex in solution, resulting in a good fit in different weightings as can be observed in Figure 7b and 7c and Table 4 . It can be concluded that the resulting parameters give an identical structure to the solid state, but with a higher disorder for all contributions.
Using a k 3 -weighted data analysis as normally used in literature a good fit but without a Cu-Cu contribution is obtained as can be observed in Table 6 . The obtained fit displays reasonably small variances in both the absolute and the imaginary part of the Fourier transforms in both weightings. Moreover, the difference files of all contributions are fitted well in this k 3 -weighted Fourier transform. However, if the obtained parameters are imported in a k 0 -weighted fit (as fixed parameters), it can be observed that the higher shell contributions (Cu-C a and Cu-C b ) do not fit well in this weighting. In Figure 11a the total fit of the k 0 -weighted Fourier transform is displayed, in which for R > 2.2 Å significant differences in absolute and imaginary part can be observed. These differences can be observed more closely by looking at the fits of the difference files of these higher shells Cu-C a and Cu-C b given in Figure 11b and 11c. Clear differences between difference files and singles shell contributions are visible over the whole fitting range, indicating a poor fit for these contributions. Apparently, during fitting, using a single k n -weighted analysis, a local minimum can be found which results in a seemingly good analysis without the Cu-Cu contribution. This demonstrates the importance of fitting while carefully observing all difference files and totals fits in all k-weightings.
Anti-phase behavior can be detected and accounted for by performing a multiple shell analysis. In order to fit multiple shells the data must be of sufficient quality to allow the required number of data points (N ind ). Dependent on which contributions are in anti-phase, first or higher shells, the number of independent data points and consequently the quality of the data needed is respectively lower or higher. -weighted 4-shell fit (without Cu … Cu contribution).
[a]
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[b] The Cu 4 (SAr) 2 (Mes) 2 (2) compound is a mixed organo(arenethiolate)copper(I) aggregate, which contains distinctly different Cu sites. Different Cu···Cu distances are present, making the EXAFS data analysis extra complicated. Figure 8a displays the Fourier transforms of the EXAFS data using different k-weightings. Depending on the k-weighting a lack of intensity is observed in different R-ranges of the Fourier transforms. This also strongly indicates the presence of anti-phase behavior of the different EXAFS coordination shells. The single-shell contributions as fitted using the difference file technique show antiphase behavior between different shells in different parts of the spectrum. Two clear examples are given in Figure 12a and 12b. Figure 12a shows for the Cu-Cu b contribution an opposite phase as for the Cu-C b contribution in the range of 4.0 < k < 8.0 Å -1 . The antiphase behavior found for low values of k results in a low intensity in a k 0 -weighted Fourier transform and consequently in a less reliable fit using only a k 0 -weighted analysis. In Figure  12b the anti-phase behavior of the Cu-Cu a and the Cu-C b contributions is displayed. Due to the anti-phase behavior found at higher values of k a small intensity was observed in a k 3 -weighted Fourier transform resulting in a less reliable fit for the k 3 -weighted analysis in this range. A reliable analysis of the data can be performed by dividing the Fourier transform in several regions and fit these regions with a proper k-weighting. The separate difference files with the single-shell fits and the resulting total fit have to be examined in all k-weightings in order to detect anti-phase behavior and to determine the most reliable analysis.
EXAFS Data-Analysis of Copper Carbon Complexes: Detection of Cu-Cu Contributions
As described in the introduction it can be inferred from the literature 25, 26, [28] [29] [30] [31] [32] [33] [34] [35] and confirmed in this study that detection with EXAFS of a Cu-Cu contribution in coppercarbon complexes is very difficult. Although a Cu-Cu contribution is expected based on other characterization techniques as XRD, some authors have been able to analyze their data and to find a good fit without the inclusion of a Cu-Cu contribution. 28, [30] [31] [32] 34, 35 Many authors are using a k 3 -weighted fit in k-space by default, since this type of weighting normally makes the fit sensitive to the presence of high Z scatterers. If the fit is not checked in a different (low) k-weighting a wrong fit without a Cu-Cu contribution can be obtained with low fit variances. Cu has a maximum in its backscattering amplitude around k = 8 Å -1 , whereas C or N have an amplitude function which is rapidly decaying with k. However, a high dynamical or structural disorder of the Cu-Cu contribution in a Cucompound will have a detrimental effect on its EXAFS amplitude at high values of k. The detection of Cu-Cu contributions was in literature already recognized to be extra complicated if additional Cu-C shells are present in the same distance range as the Cu-Cu contribution. 33 This can be explained by the fact that Cu-Cu and Cu-C shells can have an opposite phase. When anti-phase behavior is observed especially at higher k-weightings, a single k 3 -weighted analysis will not be sensitive for these higher shells. Only, if anti-phase behavior is observed at low k-ranges or if no anti-phase behavior is observed at all, a single k 3 -weighted fit results in a reliable analysis of the EXAFS data. In addition to the application of the appropriate weighting(s), it is demonstrated in this paper that R-space fitting while using the difference file technique enables a careful examination of the different contributions, both individually and relative to each other. This can lead to the unraveling of anti-phase behavior and therefore to a reliable analysis of the EXAFS data.
The Structure as a Function of the State of Aggregation
The structure of [Cu 3 (SAr*) 3 ] contains a Cu 3 S 3 six-membered ring in a chairlike conformation with alternating copper and sulfur atoms. The C 6 H 3 ((R)-CH(Me)NMe 2 )-2 group is bonded on each sulfur atom equatorially with respect to this ring. The bonding behavior of the Cu-S-Cu bridge in the Cu 3 S 3 ring is discussed extensively in different references. 14, 21 It is clear that the complex is still present as a trimer in solution and that the structure is in fact identical to that in the solid state. The dynamics of the vibrating ring is adding an additional contribution to the Debye-Waller factor, which is comparable for all interactions. This indicates that dissolving the complex only influences its vibrational behavior and no preferable vibrations or vibration direction of the ring can be observed.
The results discussed above make clear that only after understanding how Cu K-edge EXAFS in organo copper samples should be analyzed, structural information about these complexes in both solid and solution can be obtained. It has been shown that different states of aggregation give additional information about the dynamics of the Cu arenethiolate complexes. The technique has proven its strengths and possibilities and can now be used for the determination of reaction intermediates in the mentioned C-C bond formation reactions.
Conclusions
With a systematic analysis of the Cu K-edge EXAFS data, XAFS spectroscopy is a very good tool for the investigation of Cu complexes, both in the solid phase and in solution. The obtained EXAFS data have to be analyzed very carefully, especially by looking at the influence of different k-weightings as using a single k-weighting may lead to false minima in variances. When during R-space fitting the difference file technique is applied, the different individual contributions to the total EXAFS spectrum can be examined in detail, which helps to detect and unravel anti-phase behavior of different contributions. When all contributions are statistically relevant (i.e. well above the noise level) and the total fit as well as all individual contributions fit the obtained EXAFS data very well in all different k-weightings, a good and reliable analysis can be concluded. This analysis procedure is solely based on EXAFS parameters making it applicable to every (non-Cu) EXAFS spectrum obtained.
In this study is shown that Cu K-edge EXAFS spectroscopy can provide detailed information about the homogeneous catalysts in reaction medium and can now be used to give insights in the reactivity of homogeneous complexes and their way to form catalytic intermediates in the presence of the Grignard reagents and the substrates.
Experimental Section
All experiments were carried out using standard Schlenk techniques under an inert oxygen-free nitrogen atmosphere using flame-dried glassware. The samples were sealed in the EXAFS probe in a Faircrest glove-box equipped with O 2 and H 2 O indicators, operating on 3 inch nitrogen over-pressure. Boron nitride (99%) and anhydrous toluene (99+%) were purchased from Aldrich Chemical Co., UK. (2) 21 were prepared according to literature methods.
EXAFS Data Collection
Copper K-edge (8979.0 eV) EXAFS spectra were measured at the Synchrotron Radiation Source (SRS) in Daresbury, United Kingdom, Station 8.1, using a Si(220) double crystal monochromator and at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, Beamline 29, using a Si(111) double crystal monochromator. The monochromator was detuned to 50% intensity to avoid effects of higher harmonics present in the X-ray beam. The measurements were done in the transmission mode using optimized ion chambers as detectors. To decrease noise, three scans were collected for each sample and averaged.
Sample Preparation in the Solid State. Solid material and a known amount of boron nitride were thoroughly mixed and pressed into a self-supporting wafer (calculated to have a maximum total absorbance of 2.5 with a preferable step-size of 1) and placed in an air-and water-tight EXAFS cell provided with X-ray transparent beryllium windows. 42 Sample Details: [Cu 3 (SAr*) 3 ] (1), Solid. A self-supporting wafer was pressed from 35.5 mg 1 and boron nitride (50 mg).
[Cu 3 (SAr*) 3 ] (1) in Solution.
[Cu 3 (SAr*) 3 ] (33.4 mg, 0.0457 mmol) was dissolved in toluene (1.1 mL) and this solution was transferred into the EXAFS liquid cell making sure that the cell was completely filled.
[Cu 4 (SAr) 2 (Mes) 2 ] (2), Solid. A wafer was pressed from 9 mg 2 and boron nitride (63 mg).
